We have made deep searches for pulsed radio signals towards gamma-ray sources detected by the EGRET instrument of the Compton Gamma Ray Observatory. Our observations targeted nineteen sources in the second EGRET source catalog (2EG), primarily sources along the Galactic plane without identi ed counterparts. Our observations also covered eight locations listed in earlier catalogs but not in 2EG. Data were collected at 370, 770, and 1390 MHz with the Green Bank 140 foot telescope. Flux density limits were 0.5 to 1.0 mJy for slow pulsars, with somewhat less sensitivity at short pulse periods. We discovered no new pulsars. We detected two previously known pulsars, PSR B0611+22 and PSR B1758?23, which are apparently not associated with cataloged gamma-ray sources. Our non-detection of radio pulsars associated with the EGRET sources weakly constrains models of the gamma-ray source population. In particular, we rule out a model in which all the Galactic gamma-ray sources are pulsars with a 50% beaming fraction.
Introduction
The second EGRET catalog (Thompson et al. 1995, hereafter 2EG) lists 129 gamma-ray point sources detected in an all-sky survey at energies 100 MeV to 20 GeV. The sources show a pronounced concentration towards the Galactic disk, with 37 sources 3 at Galactic latitudes jbj < 10 . It is likely 1 Present address: Physics Department, Princeton University, Princeton, NJ 08544 2 Operated by Associated Universities, Inc., under cooperative agreement with the National Science Foundation. 3 An additional source, associated with a solar are, is listed in 2EG as a low-latitude source, but it is not of interest to the current work. that many of these Galactic sources are pulsars, but de nitive identi cation of them is di cult. Positions of EGRET sources are typically known with only 10 to 50 0 precision, so, given the high density of potential counterparts along the Galactic plane, positional coincidence is not su cient for identi cation. The most secure way of unambiguously classifying sources as pulsars is by detecting periodic modulation of the gamma-ray photons. Five Galactic sources in the 2EG catalog have in fact been identi ed as pulsars in this way. Several more gamma-ray sources are positionally coincident with known pulsars, but Nel et al. (1996) argue, based on the energies of the associated sources, that these may all be chance superpositions. One additional source not in the 2EG catalog has been identi ed as a radio/gamma-ray pulsar (PSR B1951+32) solely on the basis of pulsations (Ramanamurthy et al. 1995) .
The low photon count rate of the EGRET instrument precludes the identi cation of the periodic signals characteristic of pulsars from all but the strongest gamma-ray sources without prior knowledge of their pulse periods. Thus, these sources must be identi ed as pulsars at other wavelengths (radio, optical, or X-ray), and pulsar rotation ephemerides developed at the other wavelengths may then be used to test for periodicities in the gamma-ray photons. In an attempt to identify more gamma-ray point sources as pulsars, we have undertaken a search for pulsed radio emission towards numerous unidenti ed gamma-ray sources.
Observations 2.1. Source List
Our observational targets were culled from several source lists derived from EGRET data. Preliminary observations were based on the list of sources at high Galactic latitudes of Hartman et al. (1992) . Later observations were based on the rst EGRET catalog (Fichtel et al. 1994) , as well as re ned analyses made after the rst catalog was released (Bertsch et al. 1993; Kni en et al. 1993; Mattox et al. 1993; Nolan et al. 1993) . Preference was given to sources with high statistical signi cance (though not necessarily high ux) and to sources at low Galactic latitudes.
The target sources are listed in Table 1 . Observations covered the 95% con dence error boxes of the sources. These error boxes were often larger than the telescope beam size, in which case hexagonal grids of telescope pointings were used to cover the boxes. Grid points were separated by 1:73 times the telescope beam radius. With this spacing, telescope gain varied by a factor of 2 across an error box. The edges of the radio observation regions were necessarily somewhat irregular; radii listed in Table 1 are averages across the shape of the regions.
The 2EG catalog was released after our observations were made. It incorporates substantially more data than the earlier source lists. More importantly, it uses a re ned model of di use emission along the Galactic disk, a confused region that harbors many of the point sources. The source positions in the 2EG catalog di er somewhat from those of the earlier analyses, especially along the { 3 { disk. Several of the sources moved entirely out of their original error boxes, some are now thought to be di use features rather than point sources, and some have reduced statistical signi cances, pushing them below the catalog threshold. Since the 2EG catalog provides the best estimate of the true locations of gamma-ray point sources, we compare our observed positions to 2EG sources rather than the original target sources (Table 1) .
Radio Frequency Coverage
Observations were made with the 140 foot (43 m) telescope at Green Bank at three separate radio frequencies. Characteristics of observations at di erent frequencies are summarized in Table 2 . Initial observations of a few high latitude sources were made at 770 MHz, primarily because the relevant receiver was readily available at the telescope. Subsequent observations were made at a mix of 370 MHz and 1390 MHz. Most sources were observed at 370 MHz. Use of this relatively low frequency was motivated by the steep spectra characteristic of most pulsars. Further, the 80 0 half-power beam width of the telescope at 370 MHz was a good match to most of the EGRET error boxes. Since only one pointing was required for many of the sources, relatively long integrations could be used.
Sources at low Galactic latitudes were observed at 1390 MHz as well as 370 MHz. The higher frequency observations were motivated by the success of non-targeted low latitude surveys at similar frequencies (Clifton et al. 1992; Johnston et al. 1992) . Observations of distant sources along the Galactic plane are hampered by multipath scattering of radio waves, which broadens pulsed signals, making them di cult or impossible to detect. Scattering broadening scales as ?4:4 where is the radio frequency, so observations at 1390 MHz are far less susceptible to this problem. Further, pulsars with relatively at spectra (a small portion of the population) are intrinsically easier to detect at higher frequencies. Because the 20 0 beam width of the telescope at 1390 MHz is substantially smaller than most gamma-ray source error boxes, many telescope pointings were required to fully observe the error boxes at this frequency.
Data Collection and Analysis
Data were collected by the Spectral Processor, a high time resolution Fourier transform spectrometer. Total intensity power levels were sampled in 512 spectral channels across a 40 MHz passband at intervals of 256 s. The resulting measurements were reduced to 1 bit by comparison to a running average with a 4 s time constant and written to magnetic tape. Since the pulse widths of most pulsars, even those with periods of several seconds, are well under 1 s, the 4 s time constant had minimal impact on our sensitivity.
Data were processed o line. Because processing with full time and frequency resolution was computationally taxing, we summed adjacent spectral channels and/or time samples before analyzing most of the data sets. The frequency and time resolution used in processing the data are given in Table 2 , along with the characteristic dispersion measure (DM), de ned to be the DM above which time resolution was limited by dispersion within individual spectral channels rather than by the time sample interval. To expedite the data processing, we made two analyses of the 370 MHz data: we processed the full time series using 2 ms resolution, and we separately processed a 4 minute subset of each time series using 256 s resolution. Since gamma-ray emission has not been detected from millisecond pulsars (Fierro et al. 1995) , the loss of sensitivity to the fastest pulsars likely had little impact on our search for gamma-ray sources. However, it did reduce the likelihood of serendipitous detection of millisecond pulsars.
A standard algorithm was used to search for pulsar signals. The data were de-dispersed by removing time delays between spectral channels using numerous trial dispersion measures (see Table 2 ). In all cases we searched well above the maximum DM expected in the direction of observation. The de-dispersed channels were summed, creating one-dimensional time sequences, which were searched for periodicities. Fourier power spectra were calculated and searched for strong peaks both in single Fourier bins and in sums of harmonically related sets of 2, 3, 4, 8, and 16 bins. Strong signals were further examined by folding the time series at the candidate period and measuring the signal to noise ratio of the highest peak in the resulting pro le. This algorithm is described in more detail in Nice, Fruchter, & Taylor (1995) .
The sensitivity of observations pulsar signals is summarized in Figure 1 . The curves of minimum detectable ux density were calculated by assuming the Fourier transform of the pulsed signal had 32 strong harmonics, but that the pulse shape deviated su ciently from a single, narrow peak to reduce the observed signal by a factor of 2. This has proved to be a good model for estimating sensitivity to real pulsars (Nice, Fruchter, & Taylor 1995) , which generally have narrow pulse peaks. Pulsars with wide or otherwise unusual pulse shapes are intrinsically more di cult to detect, so the curves in Figure 1 must be correspondingly increased for such sources. Detection threshold signal-to-noise ratios ranged from 9 to 12, varying due to di erent radio frequency interference environments at the di erent frequencies. Notable features of the sensitivity curves include best sensitivity for pulsars with periods much longer than the data sample interval; gradually reduced sensitivity at shorter periods; and little sensitivity to pulsars with periods less than twice the sample interval, although provisions were made for detecting such aliased signals. Discrete steps in the curves are an artifact of our search algorithm. The curves for observations at 370 MHz show the ux density from whichever of the two analyses yielded the best sensitivity at a given period.
Pulsar Detections
We discovered no new pulsars. However, two previously known pulsars had signal-to-noise ratios above our detection threshold. The 335 ms pulsar PSR B0611+22 was detected in 370 MHz observations of 2EG J0618+2234. It was not detected at 1390 MHz, as it fell outside the smaller radio observation region at this frequency. This pulsar lies well outside the 2EG gamma-ray source { 5 { error box. The 416 ms pulsar PSR B1758?23 was detected in two separate pointings during 1390 MHz observations of 2EG J1801?2312. This pulsar was originally discovered in a search directed towards this gamma-ray source, also known as 2CG 006?00 (Manchester, D'Amico, & Tuohy 1985) . Its dispersion measure, 1074 pc cm ?3 , is the highest of any known pulsar, and to our knowledge it has not been detected at lower frequencies, presumably because of multipath scattering in the interstellar medium. No periodicities at the pulsar period are seen in the EGRET data (Thompson et al. 1994) .
In addition to these two detections, PSR B1853+01 was the strongest candidate in a 370 MHz observation towards 2EG J1857+0118. However, its signal-to-noise ratio was below our threshold for detection, and it would have been missed had the candidate period not been coincident with that of the known radio pulsar. The low signal-to-noise ratio of this observation can be attributed to the low (3.4 mJy) ux density of the pulsar along with its position at the edge of our radio beam. The pulsar was not detected at 1390 MHz, as it fell outside the observed region. Both PSR B1853+01 and its associated supernova remnant, W44, lie within the 95% error box of this source in the 2EG catalog, but pulsations are not seen in the EGRET data (Thompson et al. 1994). 4. Discussion 4.1. The Galactic 2EG Sources
Of the 2EG sources we surveyed, those along the Galactic disk are of particular interest.
Following 2EG, we de ne the Galactic sources to be those at Galactic latitudes jbj < 10 . Most of these sources are, in fact, in the Galaxy, although extrapolation from high-latitude source counts suggests that three to ve of the 32 unidenti ed 2EG Galactic sources are AGN (Kanbach et al. 1996) . The highest-ux Galactic sources from the 2EG catalog are listed in Table 3 . Four of these are known to be pulsars (three visible at radio wavelengths), and the remaining nineteen are unidenti ed. Our observations covered most of the error boxes of six of the unidenti ed Galactic sources at both of 370 and 1390 MHz. Coverage of source error boxes was less than 100% because of o sets between 2EG source positions and our pointing centers. None of the Galactic sources were observed at 770 MHz. One pulsar, PSR B1758+23, within a 2EG error box was detected above our observing threshold, but gamma-rays from that source show no evidence of periodicities at the pulsar period.
Our observations continue a long tradition of not nding radio pulsars associated with gammaray sources during targeted radio observations of these sources. Manchester et al. (1985) searched three gamma-ray point sources from the second COS-B catalog. Of these, one is now known to be the Geminga pulsar, whose radio beam (if it has one) does not intercept the Earth; one, equivalent to 2EG 1801?2312, had PSR B1758?23 in the error box (x 3); and one, 2CG 333+01, does not appear in the 2EG catalog. Boriako , Buccheri & Fauci (1984) searched 2CG 036+01, 2CG 054+01, and 2CG 065+00, none of which are in the 2EG catalog. They discovered two pulsars, neither of { 6 { which is a gamma-ray source. Lundgren, Zepka & Cordes (1995) observed several sources from the Hartman et al. (1992) list, many of which we also observed, and found one pulsar, towards a source which is not in the 2EG catalog.
Source Counts and Fluxes
The three radio/gamma-ray pulsars listed in Table 3 are all strong, nearby sources with gammaray uxes several times the 2EG threshold. There must be radio/gamma-ray pulsars with similar luminosities but larger distances, and hence somewhat lower gamma-ray uxes, but Table 3 shows a notable lack of radio pulsars among the lower-ux gamma-ray sources. Here we consider whether this de cit is signi cant. Given that the known radio/gamma-ray pulsars have low Galactic latitudes and distances no more than 2 kpc, they can reasonably be approximated as a disk population. Thus we would expect the number of radio/gamma-ray pulsars N with ux above some threshold, S, to scale as N(S) = (120=S), where is a scaling parameter, S is in units of 10 ?8 photons cm ?2 s ?1 , and the constant 120 is included for computational convenience.
We test the signi cance of the non-detection of radio pulsars among the low-luminosity sources as follows. First we note that there are three radio/gamma-ray pulsars with S > 120, so = N(120) = 3 1:7 under Poisson statistics. For this value of one would expect N(120) ? N(40) = 6:0 3:4 radio/gamma-ray pulsars in the range 40 < S < 120. In fact, we found no radio pulsars in observations of 5 out of the 18 gamma-ray sources. Under Poisson statistics this gives an upper bound N(120)?N(40) < 2:6 (68% con dence) or 6.1 (95% con dence). Thus the observed numbers of radio/gamma-ray pulsars in these two ux ranges are in marginal agreement with this simple disk model, despite the non-detection of pulsars among the lower luminosity sources. Observations of a small number of additional sources from Table 3 would make this test much more stringent.
Population Models
The non-detection of radio pulsars among the gamma-ray sources is surprising given that numerous studies of the gamma-ray source population, using very di erent approaches, have predicted that most of these sources are pulsars, some of which should have radio beams which intercept the Earth. Helfand (1994) analyzed the gamma-ray sources from the COS-B survey and found that, based on the ux distributions of these sources, it is plausible that many of the sources are rotationpowered pulsars. Mukherjee et al. (1995) used the distribution of the sources in the rst EGRET catalog in Galactic latitude and longitude to infer the distances to these sources and, hence, their luminosities. They found the luminosities to be much larger than those of identi ed pulsars and suggested that they form a di erent class of object, of an unknown nature. However, Kanbach et al. (1996) performed a similar analysis of the 2EG catalog and found the luminosities to be somewhat less than estimated by Mukherjee et al., and in better agreement with the luminosities of the known gamma-ray pulsars. Yadigaroglu & Romani (1995) analyzed the sources of the rst EGRET catalog in the context of an \outer gap" model of pulsar emission. By assuming the gamma-ray source error boxes had been searched for radio pulsars in all-sky surveys to a 5 mJy ux limit at 430 MHz, they found that their model agreed well with the number of known radio/gamma-ray pulsars (four) then known. Their model predicts that most of the unidenti ed sources in the Galactic plane are also pulsars, up to half of which should be detectable in very deep radio surveys. To compare this model to our observations, we assume that a given \Galactic" gamma-ray source has a probability 0.2 of being an AGN and probability 0.8 of being a gamma-ray pulsar, and therefore probability 0.4 of being a radio-detectable pulsar. Under this model, the probability of our detecting no radio pulsars among six sources is only 0.05. Thus either the radio beaming fraction of this model is too high (at least at the ux limit of our search), or some of the gamma-ray sources in the Galaxy are not pulsars, but some other population. The latter possibility is particularly plausible given the recent suggestion that some of the gamma-ray sources may be supernova remnants (Sturner & Dermer 1995) .
Factors a ecting radio sensitivity
In the discussion above we assumed that the detection thresholds of our observations were su ciently low that any radio pulsar of interest would have been detected. Here we consider factors that could reduce our sensitivity to these sources.
Distances to the Galactic 2EG sources likely range from 1 to 4 kpc (Kanbach et al. 1996) . For long-period pulsars at the latter distance, our detection threshold luminosity was 14 mJy kpc 2 at 370 MHz and 6 mJy kpc 2 at 1390 MHz. There are many radio pulsars with luminosities below these limits. However, young, energetic pulsars, those most likely to be detected in gamma-rays, tend to have high luminosities. In particular, the three radio/gamma-ray pulsars listed in Table 3 , which are all within 2 kpc of the Earth, have luminosities well over the 1390 MHz threshold, and would easily have been detected at distances of 4 kpc and farther.
Scintillation in the interstellar medium causes substantial variation in observed ux densities of some radio pulsars. We can crudely estimate the e ect of scintillation on the present search using the Taylor & Cordes (1993) model of the interstellar electron density, although it should be recognized that a given line-of-sight may deviate signi cantly from this model. Scintillation is prominent when the decorrelation bandwidth is comparable to or larger than the observing bandwidth, B. On the other hand, when B, the e ect of scintillation is muted. For the distances of interest, d > 1 kpc, and lines of sight within 10 of the Galactic plane, the model gives a minimum scattering time of 1GHz = 5 10 ?8 s. Noting that = (2 1GHz ) ?1 ( =1GHz) 4:4 , we nd that is at most 13.5, 1.0, and 0.05 MHz at our observing frequencies of = 1390, 770, and 390 MHz, respectively. At larger distances, becomes smaller. Thus, at the distances of interest, is always much smaller than our 40 MHz bandwidth, and scintillation can be safely ignored.
{ 8 { Detection of radio pulsars in binary systems can be hampered by smearing of the pulsed signal due to (a priori unknown) acceleration in the orbit. There are two known non-recycledpulsar/main-sequence binary systems . Numerical tests using the parameters of these systems indicate that smearing due to orbital acceleration is of little importance to our survey. The worst-case pulse smearing from a pulsar in a system like that of PSR B1259?63 would be 1.2 ms, and that magnitude is achieved only very close to periastron. Smearing from a pulsar in a system like that of PSR J0045-7319 would be worse, reaching 40 ms at periastron, but would be under 10 ms for 97% of the orbit and under 1 ms for the majority of the orbit. Detection of radio pulsars in binaries could also potentially be hampered by occultation of the radio signal near periastron, an e ect that is observed for a small portion of the PSR B1259?63 orbit. Since all known gamma-ray pulsars, and 99% of non-recycled pulsars, are isolated stars, these potential di culties detecting pulsars in binary systems are probably negligible. However, we cannot rule out the possibility that there exist gamma-ray pulsars in tight orbits, especially around main-sequence stars.
Scattering in the interstellar medium broadens pulsar signals in time due to di erent geometrical path lengths traversed by di erent rays. Broadening of pulses by a few milliseconds or more would signi cantly hamper our ability to detect pulsars with periods comparable to the Crab pulsar (33 ms) and the Vela pulsar (89 ms). At distances under 4 kpc, the smoothed interstellar electron density model of Taylor & Cordes (1993) gives a maximum scattering time of = 0:6 ms at 1000 MHz, equivalent to under 0.2 ms at our 1390 MHz observing frequency using the canonical ?4:4 scaling (e.g., Rickett 1977) . Strong scattering, in excess of that expected from typical ISM, has been observed from pulsars embedded in supernova remnants (Desai et al. 1992; Gwinn, Bartel, & Cordes 1993) , but for the Vela and Crab pulsars this increases the scattering time by less than 0.1 ms at 1000 MHz (equivalent to 0.02 ms at 1390 MHz). Thus the best present models of the interstellar medium suggest that scattering at the anticipated distances to these sources is not su cient to hamper their detection at our highest observing frequency. However, we caution that the distribution of scattering electrons towards the Galactic center is poorly constrained.
In summary, our survey was easily capable of detecting Crab-and Vela-like pulsars at the expected distances of the 2EG sources. Our non-detection of new pulsars is in marginal agreement with a model in which the local radio/gamma-ray pulsars form a uniform disk population, and is in disagreement with a model in which all the 2EG sources are pulsars with radio beaming fractions of 0.5. Such tests of radio/gamma-ray population models would be greatly enhanced by radio observations of further high-ux 2EG sources. Haslam et al. 1982 . Sensitivity was lowest towards the Galactic center.
{ 13 { b Not a radio source.
{ 14 { Fig. 1 .| Sensitivity of the search at each of the three frequencies, quanti ed by the ux density of the weakest detectable source. At each frequency, curves are plotted for several dispersion measures, labeled in the plots by their values in pc cm ?3 . A qualitative summary of the features in these curves is given in the text.
